Renewable energy applications are increasing daily, and solar electricity, in the form of photovoltaics, is getting more and more important worldwide. As photovoltaics are connected both in series and in parallel, the panels are exposed to high potentials compared to the ground; thus, high voltage stress (HVS) occurs. The scope of this paper is to analyze experimentally the potential induced degradation (PID) in organic solar cells. To that end, organic solar cells are manufactured and are then undergone a series of voltage-dependent degradation and time-dependent voltage degradation tests. In addition to that, they are also exposed to gaseous oxygen, oxygen plasma, air degradation, and annealing, and the degradation effects are compared with PID results. From the analysis, it is apparent that annealing, air, gaseous oxygen, and oxygen plasma degradation have similar effects with PID, while due to simple diode characteristics, organic cells proved to be relatively durable to potential induced degradation. At low voltages (10 V), the organic cells withstood degradation adequately, with a drop of 23% in their initial efficiency. As voltage increased, the degradation rate increased considerably reaching a 93% efficiency drop when 30 V was applied for 20 minutes.
Introduction
In the field of power production, the use of photovoltaics has seen a tremendous increase, either for domestic use or for remote production with more than 178 GW of installed capacity at the end of 2014 [1] . During the last years, a new generation of solar cells has emerged to cater for different consumer needs with organic cells at the forefront of research. Organic cells have the potential to provide cheap solar electricity, due to their low-cost production [2] , but have still to overcome disadvantages associated with their low efficiency and stability and poor mechanical properties compared with other types of solar cells [3] .
In order to achieve high installed capacities, solar panels are connected either in series or in parallel, so they are exposed to high potentials compared to the ground, and thus, high voltage stress (HVS) occurs. This exposure to an external potential causes two kinds of power degradation, reversible (polarization) and irreversible (electro corrosion). In principle, HVS results in a small amount of current leakage. PID is influenced furthermore by humidity and high temperature along with the exposure of negative voltage [4] .
Usually, most solar panels provide certificates that they possess no major PID effect, after being tested. In this test, aluminum is used as a catalyzer conductor, and therefore, it is called the "aluminum foil test" [5] . PV panels are considered PID-free if they succeed to have an initial power loss of less than 5% throughout all testing conditions. Of course in real life applications, degradation would be higher than 5% due to temperature fluctuations, humidity, dirt, and soiling of the panel's front surface. Also, as most panels are usually deployed with different inclinations compared to the ideal test conditions, they will not have the same rate of cooling achieved during test conditions and there will also be more dust and dirt accumulation onto the solar panel's surface. Temperature fluctuations, humidity, dirt, and inclination factors may increase the PID effect as much as 2 times compared to its optimal ratio. Voltage potential between the solar panel and the ground is a key feature for PID. This voltage potential depends on the number of serially interconnected panels, the amount of incident solar radiation, and panel temperature [6] . Also, the grounding scheme of the panels should be carefully designed in order to decrease voltage potential. Amplitude of the potential is directly linked to its poles' grounding type such as negative, positive, or no pole being grounded. The difference can be either positively or negatively fixed or not fixed at all [7] . PID can be limited by controlling the parameters that cause degradation, which can be categorized into four groups, namely, environmental-, system-, module-, and cell-level factors [8] .
It has been proven that environmental factors such as humidity and temperature have a direct negative effect on PID, which in return results in a severe loss of power production. There are tests that determine the level of degradation that is associated with humidity and temperature. The damping heat test (DHT) and temperature cycling test (TCT) are two of them [8, 9] .
A number of researchers have analyzed the effect of temperature and humidity, and the results indicate that temperature increases from 25°C to 85°C, leading to increased degradation, while an increase in humidity from 20% to 85% will cause severe potential induced degradation problems that range from 5% to as much as 95% [8] .
The effect of the voltage stress on the solar module affects the PID phenomenon in terms of a system factor which is determined by comparing the generated module voltage to the ground level stress. System grounding techniques, as well as the module's position within the photovoltaic array, are major determinants of the system-level factor. Other factors affecting PID are the type of materials used within the solar modules, in the front sheet; the encapsulating material, in the back sheet; and the overall module (frame, mounting, etc.) design [7, 9] , which are also called as module-level factors [8, 10] . Regarding cell-level factors, the antireflective coating, emitter depth, and type of base doping are three major parameters that also affect PID in the cell level [9, 10, 11] .
This study focuses on analyzing the PID effect on organic solar cells experimentally. The PID test is performed by applying voltage between the poles of organic solar cells in order to deter degradation. Illuminated and dark I-V characterizations are completed before and after degradation. Also, I-V characterizations of the solar cell are observed under different (1-100 mW/cm 2 ) light intensities. Electrochemical impedance spectrometry (EIS) and external quantum efficiencies (EQE) are measured before and after degradation in order to understand the PID effect at the electrochemical level in order to minimize its effect on the solar cells' efficiency and overall durability. In the case of 3rd-generation solar cells, to our knowledge, this is the first study that tries to quantify the effects of PID to the characteristics of an organic cell. 
Experimental Setup
Initially, six organic solar cells were manufactured in the lab and then tested. The cells were composed of four layers; respectively, indium tin oxide (ITO), poly(3,4-ethylenedioxythiophene) : polystyrene sulfonate (PEDOT : PSS), an active layer, and Ca-Al cathode are mounted over an ITO-coated glass substrate (from Delta Tech. Corp., 25 × 25 mm in size and an R sheet of 10 Ω/sq). The structure of the manufactured cell was ITO/PEDOT : PSS/P3HT : PCBM (1.1 ratio)/Ca/Al and is schematically presented in Figure 1 . Because of the extremely small thickness of the active layers in the organic solar cell, very thorough cleaning is needed in order to avoid short circuits or bad contacts between the layers. Electrodes were sonicated sequentially in water and acetone 2-propanol, and then, substrates were treated with oxygen plasma for 5 min. After cleaning the ITO-covered substrates, the device fabrication began. At first, the 40 nm thick PEDOT : PSS (AL4083 is spin-coated at 3000 rpm for 1 minute) as illustrated in Figure 2 ; after that, the device is vacuumed and heated at 120°C for 30 minutes at a heat flow rate of 0.83 W in a vacuum oven. As PED-OT : PSS is a transparent conductive polymer, it is useful to enhance the contacts between the ITO electrode and the donor acceptor (active layer).
Subsequently, the P3HT and PCBM layers were separately dissolved in 1,2-DCB (dichlorobenzene), and then, they were mixed together at a 1 : 1 wt/wt ratio of 20 mg/ml each. As illustrated in Figure 3 , the first three cells (1st, 2nd, and 3rd device) were spin-coated at 1500 rpm while the last three cells (4th, 5th, and 6th device) were spincoated at 2000 rpm in order to observe the PID effect for different layer thickness.
After this process, the cells were left to dry in a covered petri dish. Then, the dried devices were vacuumed and heated at 120°C for 30 minutes at a heat flow rate of 0.75 W 3 International Journal of Photoenergy to achieve absolute dehydration. The cathode consisted of 30 nm Ca and 70 nm Al. As the active layer of solar cells is sensitive to atmospheric conditions (oxygen and water), the next steps were performed in a nitrogen-filled environment.
The evaporation of metals was performed at an absolute pressure of 3.10 −4 Pa at a rate of 10 A°/s. After the deposition of the cathodes, the cells were annealed at 120°C for 10 minutes at a heat flow rate of 1.58 W and were cooled in a slow process in order to avoid thermal stress. The manufactured cells are presented in Figure 4 .
The characterization of the fabricated devices was done under an inert atmosphere in a glove box equipped with a double-source thermal evaporator and a solar simulator (MBRAUN 200B, Germany).
The test process was divided into four phases according to the literature [12] . In the first phase, constant voltage was applied to the cell and time-dependent measurements were taken. In the second phase, various voltages (0-30 V)
were applied in order to test voltage dependence. The third and fourth phases covered the effect of ambient conditions and temperature degradation and air O 2 and plasma degradation, respectively. The testing process is illustrated in Figure 5 .
Usually after applying small voltages to the cell, efficiency starts to increase due to the capacitive characteristics of the cell. Time interval and discharging techniques were used in order to prevent the charging (capacitive) effect of the cell.
Five organic devices were utilized for the degradation study and each device had five fingers ( Figure 6 ). From the six devices manufactured, three devices were used to measure the PID degradation, while two devices were used solely for the temperature degradation study.
One device was not used due to its very low efficiency. Although the same fabrication process was followed for all the fingers, not all electrodes present the same efficiency. This 4
International Journal of Photoenergy is attributed to small deviations during the fabrication process, like Al/Ca rates having small differences or small variations during the evaporation process (which is done in the glovebox). An initial characteristic of each device's most efficient finger is given in Table 1 .
Results
The first test run was the 10 V voltage-dependent test. Voltages ranging from 1 to 10 V were applied for 1 to 10 seconds in order to verify the cell's durability (device 4 finger 1). After the 1 V application, all parameters except I max (I mp ) were increased and that resulted in a 17,6% increase of output. The results of the first test are given in Table 2 in a tabulated form. As illustrated in Figure 7 , due to PID, the device is losing its diode characteristics, as its I-V curves approach the y-axis. 5 International Journal of Photoenergy ranged from 10 V to 30 V with 10-minute intervals. During this test, external quantum efficiencies were observed before degradation as well as after 22 V and 25 V were applied. Dark I-V characteristics were observed prior to the degradation and also after the 22 V voltage degradation test. The results of the second test are given in a tabulated form in Table 3 .
From the second voltage-dependent degradation test, the highest degradation was after the 25 V voltage application for 10 minutes. The device lost 62% of its power generation capacity and I mp dropped from 1,063 mA/cm 2 to 0,370 mA/ cm 2 while the short-circuit current fell to 0,836 mA/cm 2 from 2,152 mA/cm 2 . Total efficiency also dropped to 0,079% from 1,18% corresponding to a 93,3% degradation.
As it is apparent from Figure 8 , degradation effects cause the flattening of the I-V characteristics because of the impairment of the diode features.
As illustrated in Figure 9 , PID causes the external quantum efficiency to decrease. There are two peaks: one at 349 nm and the second one at around 500 nm wavelength. Before the degradation, the second peak quantum efficiency was 36,08% at a wavelength of 510 nm, and after the 25 V voltage degradation, peak external quantum efficiency fell to 24,39% at a wavelength of 470 nm.
Three different tests were done for the time-dependent voltage degradation test. Device 5 finger 3 was degraded by applying a constant 5 V for 80 minutes and 10 V voltage for 10 minutes. Device 5 finger 2 was degraded with the application of 10 V and 15 V external voltage. Finally, device 3 finger 5 was degraded by applying 18 V for 20 minutes. After every degradation step, there was a 3-to 5-minute waiting period to enable the device to cool down. The external quantum efficiencies were observed before and after the 10-minute 10 V voltage degradation.
Power losses were observed after every voltage application. Subsequent to the 80-minute 5 V voltage degradation, the device lost 13% of its power generation capacity. After that, the device was further degraded with 10 V for 5 minutes and this time it lost 2,26% of its output power. In addition to that, a further 11,5% power loss is observed at the end of the test (Table 4) .
As illustrated in Figure 10 after the 80-minute 5 V voltage degradation, the I-V characteristics did not change much, while on the other hand, after the 10 V degradation for 10 minutes, the I-V curves moved towards the x-axis.
In Figure 11 , it is apparent that the external quantum efficiency's second peak value has fallen to 29% from 34% after the last degradation (10-minute 10 V voltage degradation). As for the first peak value, there is an 8% decrease between the initial and postdegradation value. Also after degradation, the EQE-λ curve has moved to the right, which means that peak external efficiency values occur at longer wavelengths compared to the initial measurements. 
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For the second time-dependent voltage degradation test, device 5 finger 2 was used. At first, 10 V was applied to the device for 10 minutes, and after that, the applied voltage increased to 15 V and was applied for a further 40-minute period.
After the degradation, light intensity was reduced from 100 mW/cm 2 to 1 mW/cm 2 in order to observe the cells' efficiency at different illuminations. Furthermore, the cell's impedance characteristics were also observed before and after degradation.
The degradation led to a reduction of efficiency which fell to 0,93% after the 40-minute 15 V degradation. The highest power degradation occurred after applying 10 V for 2 minutes, which resulted in a 28,9% decrease in the maximum output power, as presented in Table 5 .
Although total efficiency dropped to 0,93% from 1,52%, changes in impedance values were limited. As illustrated in Figure 12 after degradation, series resistance has decreased; therefore, the impedance curve approached the initial one. On the other hand, changes in parallel resistance were quite limited and almost no changes were observed in the imaginary axis.
Device 3 finger 5 was used for the third time-dependent voltage degradation test. In this case, the device was initially exposed to O 2 plasma for 6 minutes, and after that, 18 V was applied for 20 minutes. As evidenced from the results presented in Table 6 , after the exposure, all parameters decreased. Efficiency dropped to 1,84% from 2,79%; opencircuit voltage dropped to 20 mV while a steady decrease was also observed at I mp and short-circuit currents. The PID was very fast after the exposure as the device lost 99% of its maximum power generation capacity.
In order to test the effects of temperature, air, and O 2 plasma degradation, two devices were used. To that end, device 1 finger 1 was heated to 50°C, while for the air and O 2 plasma degradation, device 3 finger 4 was used.
The results for the temperature degradation are provided in Table 7 . After 980 min at 50°C (at a 2.5 W heat flow rate), a power loss was about 58%, while after a subsequent 210 min period (for a total of 1190 minutes of annealing), a power loss of another 9% occurred. By comparing post and initial values, it is obvious that there is a noticeable decrease at short-circuit current and I mp . Also, total efficiency presents a steady decrease during temperature degradation.
Finally, device 3 finger 4 was used for the air and O 2 plasma degradation testing. At first, the device was exposed to air for 8 minutes, and after that, 6 minutes of O 2 plasma degradation occurred. A power loss of 13,3% occurred after 8 minutes of air degradation, while after the 6-minute O 2 plasma degradation, maximum output power decreased by a further 4,3% (Table 8) .
From the analysis, it is apparent that annealing, air, gaseous oxygen, and oxygen plasma degradation have similar effects with PID, while due to simple diode characteristics, organic cells proved to be relatively durable to potential induced degradation. At low voltages (10 V), the organic cells withstood degradation adequately, with a drop of 23% in their initial efficiency. As voltage increased, the degradation rate increased considerably reaching a 93% efficiency drop when 30 V was applied for 20 minutes.
Conclusions
From the experimental measurements carried out in the five devices, it is apparent that organic solar cells are physically voltage durable, meaning that they do not show macroscale degradation at their appearance even after application of a 30 V voltage. In all cases examined, after voltage degradation, 8 International Journal of Photoenergy the organic cell's quantum efficiency lambda curve moved to I-V charts' x-axis as a result of lower current generation. In other words, after degradation, a smaller EQE is observed at almost the same wavelengths. Moreover, similar degradation effects are also experienced in their I-V characteristics. The potential induced degradation is evident as there is a distortion in the cells' diode characteristic, and therefore, their I-V curves have straightened. Furthermore, it was noticed that organic cells were vulnerable to degradation due to ambient conditions such as air, oxygen, and high temperature. Under small voltage applications such as 10 V, organic cells started to charge due to their capacitive features, and as a result, total efficiency increased. This increase was only temporary, as efficiency started to decrease without any other external degradation after cell discharging via an anode-cathode short circuiting.
As there are no many studies regarding this phenomenon, this study enlightens PID phenomena in organic cells and shows its limits. The results of the study offer an initial step for better understanding the degradation effects, giving manufacturers ideas in order to focus on solving these problems and make organic photovoltaic cells more feasible for the market.
